A novel approach to the decomposition of biogas consisting in the simultaneous production of syngas (H 2 and CO mixture) and bio-nanostructured filamentous carbon (BNFC) is proposed. Catalysts with different active phases such as Ni, Co or Fe on Al 2 O 3 are studied in the temperature range between 600 and 900 ºC. Their behaviour was analysed considering CH 4 and CO 2 conversions, reaction rates, catalyst stability and carbon production. Additionally, the BNFC produced were characterised by transmission electron microscopy. Depending on the active phase and the reaction temperature, different carbon types were identified: fishbone, parallel and chain-like BNFC and encapsulating carbon. Large amounts of BNFC and good catalyst stability were achieved with the Ni/Al 2 O 3 catalyst at 600 ºC, pointing out that carbon accumulation is not directly responsible of catalyst deactivation and that the key factor is the nature of carbon formed during the reaction.
INTRODUCTION
Biogas, mainly composed by CH 4 and CO 2 , is obtained by anaerobic digestion of biodegradable wastes. Its composition makes biogas an interesting feedstock for the dry reforming of methane (DRM) process (CH 4 +CO 2 ↔ 2H 2 + 2CO, ∆Hº= 247 kJ·mol -1 ).
DRM has been extensively studied over different catalysts [1] and research efforts are aimed to synthesize an active and H 2 selective catalyst that minimizes surface carbon accumulation in order to avoid catalyst deactivation [2] . It is well known that noble metal catalysts meet those requirements [3, 4] . However, the high cost of these materials prompted the research on less expensive catalysts like Ni [5] [6] [7] [8] [9] [10] , Co [11] [12] [13] [14] or Fe [15] , even though they are prone to carbon generation via CH 4 decomposition (CH 4 ↔ 2H 2 + C, ∆Hº= 75 kJ·mol -1 ) or Boudouard reaction (2CO ↔ C + CO 2 , ∆Hº= -171 kJ·mol -1 ) [16] .
Different strategies are proposed in the literature to prevent catalyst deactivation by carbon accumulation. Operating conditions as temperature or feedstock composition (CH 4 :CO 2 ratio) are key factors [17, 18] . Thermodynamic analysis revealed that high temperatures and/or CH 4 :CO 2 ratios below the unity are necessary to avoid carbon formation [19] , even though from an industrial point of view the opposite conditions are more convenient. Ni crystal size also plays an important role and a good dispersion of the active phase prevented carbon formation [20] [21] [22] . Support selection and the addition of different dopants can also help decreasing carbon accumulation. Guo et al. [23] studied a Ni/MgAl 2 O 4 catalyst and suggested that catalyst low acidity and sintering resistance allowed an effective way for CO 2 activation through formation of carbonate/bicarbonate species which contribute to carbon elimination. Increasing surface basicity by adding basic metal oxides such as Na, K, Mg or Ca, increased CO 2 concentration at the surface resulting in a decrease of Ni ability for CH 4 decomposition [24] [25] [26] . Ceria was also studied as dopant and its participation in redox reactions removed carbon depositions from the surface of the catalyst [27] .
However, a different approach to overcome deactivation problems by carbon accumulation can be envisaged attending to nanostructured filamentous carbon (NFC) formation mechanism [28, 29] : i) decomposition of CH 4 and carbon formation at the surface of the catalyst, ii) diffusion of dissolved carbon through the catalyst particle and iii) precipitation of dissolved carbon at the metal-nanofilament interface. In DRM, surface carbon gasification by CO 2 , iv), should also be taken into account in the previous mechanism, resulting in a lower surface carbon formation rate. Depending on the previous relative rates, catalyst deactivation could be prevented if steps ii) and iii)
are faster than iv) [30] . Under these conditions, the front face of catalyst particles remain free of carbon, leaving accessible active sites to CH 4 and CO 2 and allowing the formation of NFC without catalyst deactivation [12, 17, 31] . With this background in mind, we recently addressed a novel approach to the decomposition of CH 4 /CO 2 mixtures (the so-called catalytic decomposition of biogas (CDB)) which consisted in the simultaneous production of syngas (H 2 and CO mixture) and bio-nanostructured filamentous carbon (BNFC) [32] .
NFC are high valuable materials [33] that depending on their structure and surface properties can be employed in different applications such as catalyst support [34, 35] , anode in Li-ion batteries [36, 37] or additive in polymer composites [38, 39] . NFC formation during DRM has been extensively reported [6, 22, 40, 41] [35, 45] .
In an effort to expand our previous work on the CDB, different active phases such as Ni, Co or Fe on Al 2 O 3 are studied in the temperature range between 600 and 900 ºC.
Their behaviour on the CDB process was analysed considering CH 4 and CO 2 conversions, reaction rates, catalyst stability and carbon production. Additionally, the BNFC produced were characterised by transmission electron microscopy (TEM) in order to address the effect of the different active phases on the carbon morphology. The sustainability factor (S.F. i ) has been used to compare the stability of the different catalysts over time. The S.F. i compares CH 4 or CO 2 reaction rates at the beginning and at the end of the experiment (5 and 180 minutes TOS, respectively). If catalyst activity is maintained, the value of the S.F. i will be one. On the other hand, if the catalyst is completely deactivated after 180 min TOS, this value will be zero.
EXPERIMENTAL

Catalysts synthesis
Characterization techniques
In order to determine the outlet gases composition (syngases composition), bag samples were taken and analysed by means of gas chromatography in a micro GC Varian CP4900 equipped with two packed columns (Molecular Sieve and Porapack) and a TCD detector to quantify H 2 , CO, CH 4 and CO 2 concentrations.
The carbon yield (Y c ), expressed as grams of carbon generated per gram of catalyst (g carbon ·g cat -1 ), was determined by temperature programmed oxidation (TPO) in a Setaram Thermogravimetric Analyzer. Samples obtained after reaction were heated under air flow at a rate of 10 ºC·min −1 from room temperature to 1000 ºC. Ni, Co and Fe oxidations were taken into account to make calculations.
The morphology of the BNFC was studied by transmission electron microscopy (TEM).
With that purpose Ni/Al 2 O 3 spent catalysts were analysed in a JEOL-2000 FXII microscope operating at 200 keV, while Co/Al 2 O 3 and Fe/Al 2 O 3 spent catalysts were analysed in a Tecnai F30 equipped with a cannon of 300 keV.
RESULTS AND DISCUSSION
Initial conversions and reaction rates
Initial CH 4 conversions ( CH4,5min ) obtained with the catalysts under study are shown in Fig. 1a . Regardless the catalyst employed,  CH4,5min increased with temperature. This behavior was expected due to the endothermic nature of the main reactions involved in the process [32] . At low temperatures (600 and 700 ºC), the highest  conversions, except at 900 ºC when both were very close (ca. 97%), probably due to CO 2 participation in the reverse water gas shift reaction. However, as shown in Fig.   S5b , the opposite behavior was observed when comparing initial reaction rates (-r CO2,5min < -r CH4,5min ). This can be due to the lower content of CO 2 in the feedstock (CH 4 :CO 2 ratio= 60:40).
Catalysts stability over time
To compare the catalyst performance in the CDB, catalyst stability should be taken into account along with catalytic activity. In Table 1 between 600 and 800 ºC, while from 800 to 900 ºC it remained constant. This is reflected on the evolution of the -r CH4 over time (Fig. 2a) . At 600 ºC, Ni catalyst presented a very stable behavior, even though a slight decrease of -r CH4 over time was observed. However, at 800 and 900 ºC, an important reduction of the -r CH4 took place in the first 60-90 minutes TOS, sharper as reaction temperature increased, and after that, -r CH4 stabilized. At 700 ºC, -r CH4 evolution over time presented an intermediate behavior.
In the case of the Co/Al 2 O 3 catalyst, an improvement of the S.F. CH4 ( experiments is plotted in Fig. 2b . In the whole temperature range studied, -r CH4 suffered a decrease in the first 60 minutes TOS and the drop was more accentuated as the reaction temperature increased. Fig. 2c , -r CH4 evolution over time was plotted and presented similar trend as the one observed with the Ni/Al 2 O 3 catalyst at 800 and 900 ºC. However in this case, the -r CH4 decay was extended to 120 minutes TOS instead of 60 minutes.
(Fe/Al 2 O 3 catalyst was inactive at 700 ºC, hence S.F. CH4 and -r CH4 data at this temperature were not calculated).
In an effort to explain the aforementioned behaviors, carbon accumulation rates (r carbon,t )
over time are plotted in Fig. 3 . r carbon,t represents the net carbon formation rate and was calculated from mass balances (Eq. 4). As it occurred with the -r CH4 evolution over time, two different behaviors according to r carbon,t were observed. In experiments, in which catalysts presented a good stability (S.F. CH4 >0.75), r carbon,t was higher than zero throughout the 180 minutes experiment and presented a trend over time similar to that presented by -r CH4 . In contrast, in experiments in which catalysts deactivation was more pronounced (S.F .CH4 <0.69) in the first 60-90 minutes, r carbon,t decreased in the same way until reaching zero or even negative values, implying that either carbon is not generated or even consumed during the runs. Therefore, and considering that the purpose of the CDB is the simultaneous production of syngas and BNFC, catalyst stability is of major importance, even though a high S.F. CH4 implies obtaining lower reaction rates at the beginning of the experiment as it occurred with the Ni/Al 2 O 3 catalyst at 600 ºC.
Besides, these results pointed out that carbon accumulation is not directly responsible of catalyst deactivation and probably the key factor is the nature of carbon formed during the reaction. In the next section, the relationship between carbon morphology and catalyst deactivation is discussed.
BNFC morphology and production
Catalyst particles encapsulation by carbon is considered one of the main causes of deactivation in process in which hydrocarbons are decomposed [2, 49] . In steam and dry reforming of methane, it is generally accepted that different kinds of carbon are formed during reaction [49] [50] [51] [52] , so it is likely that the same structures are formed in the CDB:
high reactive carbon (C α or atomic carbon), amorphous carbon (C β ), and graphitic carbon (C γ ). C α corresponds to highly reactive carbon species produced from the decomposition of a hydrocarbon (methane in this case). In the CDB, C α may be further gasified by CO 2 or be converted to less active carbon (C β ). In turn, C β may also be gasified, evolved to produce encapsulating carbon (C γ ) or dissolved in the catalyst bulk.
Dissolved carbon is the responsible of the subsequent nanostructured filamentous carbon (NFC) formation. Accumulation of adsorbed carbon in the front face of the catalyst particles, which eventually leads to catalyst particle encapsulation, takes place due to an imbalance between carbon formation rate and carbon removal rate. In the CDB, the former includes C α production from CH 4 decomposition while the latter includes C α and C β gasification to produce CO and C β diffusion through the bulk to generate BNFC. It is important to note that the formation of BNFC does not imply the deactivation of the catalyst [52] . Carbon diffusion through the catalyst bulk is the rate determining step in the NFC formation and the driving force is generally associated to a carbon concentration gradient [53] [54] [55] [56] .
In Fig. 4 , TEM micrographs of the Ni/Al 2 O 3 spent catalysts are showed. In the whole range of temperatures studied, the formation of carbon was observed. This observation agrees with the presence of a peak around 26º, which corresponds with graphitic carbon, in the XRD pattern of the Ni/Al 2 O 3 spent catalysts (Fig. S2) . At 600 ºC a great amount of BNFC with a diameter in the 30-50 nm range was observed (Fig. 4a) . Due to the well defined arrow-head shape of the catalyst particle, fishbone-like BNFC without hollow core were formed (Fig. 4a) . The absence of encapsulating carbon at the leading face of the catalyst can be the reason of the stable behavior of the Ni/Al 2 O 3 catalyst at 600 ºC (S.F. CH4 =0.90). At 700 ºC, a considerable amount of BNFC was also formed (Fig. 4b) .
However, at this temperature, poor defined pearshaped Ni particles were observed. As a consequence, hollow BNFC of parallel and fishbone-like types with diameters from 15 to 30 nm were formed. Beside this, small amounts of encapsulating carbon covered the leading face of the catalyst particles (Fig. 4b) . This can be the cause of the slight drop of the catalyst stability registered at 700 ºC (S.F. CH4 =0.75). When increasing temperature up to 800 ºC (Fig. 4c) , the amount of BNFC diminished. Parallel like BNFC, with diameters from 15 to 50 nm, were observed. At this temperature, large particles covered by encapsulating carbon and Ni particles isolated in the inner part of the BNFC were also observed. Finally at 900 ºC, the amount of BNFC was even lower than at 800 ºC and the presence of coarse particles encapsulated by graphitic carbon along with isolated Ni particles in the BNFC inner part was more evident (Fig. 4d) .
BNFC observed at 900 ºC adopted a parallel like type with diameters from 20 to 100 nm. At both 800 and 900 ºC, -r CH4 suffered a quick deactivation in the first 60 minutes (Fig. 2a) , concurring with the sharp drop of carbon accumulation rate observed in Fig.   3a , and after that time -r CH4 presented a stable behavior (Fig. 2a) . Two different reasons can account for this situation. First, during the formation of a new BNFC carbon layer, the Ni particle suffered a stress towards the BNFC growing direction and as a result a part of it can be stripped and isolated in the inner part of the BNFC. The progressive formation of these isolated Ni particles contributed to the decrease of the catalytic activity. Once the accumulation of carbon finished (Fig. 3a) and hence the BNFC growing process, no more segregation of Ni particles is expected and catalyst deactivation provoked by this phenomenon is stopped. Second, the high -r CH4 obtained at the beginning of these experiments (Fig. 1b) might provoke an imbalance between carbon formation rate and carbon removal rate at the surface of the catalyst. As a result, some active catalyst particles, where CH 4 is adsorbed and decomposed, may be encapsulated by carbon resulting in a progressive decrease of the -r CH4 over time (behavior observed in the first 60 minutes TOS). Once carbon formation rate is equaled to carbon removal rate, a stable activity is reached.
With the Co/Al 2 O 3 catalyst, parallel like BNFC with hollow core were obtained after tests performed at all reaction temperatures studied (Fig. 5) . As it happened with the Ni/Al 2 O 3 catalyst, the amount of BNFC observed by TEM decreased at high temperatures while the amount of large particles, inactive towards BNFC production, increased. The diameter of the BNFC became larger as reaction temperature increased and was ranged between 10-35 nm at 600 and 700 ºC ( Fig. 5a and Fig. 5b ) and between 20-70 nm at 800 and 900 ºC ( Fig. 5c and Fig. 5d ). As commented before, a strong catalyst deactivation was observed with the Co/Al 2 O 3 catalyst at 600 ºC (S.F. CH4 =0.44). Nevertheless, a great amount of BNFC was formed (Fig. 5a) . Probably, the presence of large particles (ca. 65 nm) coated by graphitic layers along with isolated Co particles in the inner part of the BNFC can explain this behavior. However, at 600ºC the amount of both kinds of particles was lower than at 700, 800 and specially 900 ºC and its presence was probably not the only reason of the strong deactivation observed.
Taking into account that bulk hcp-Co is stable below 420-450 ºC [57] , the appearance of two small peaks related to hcp-Co, along with a prominent one related to fcc-Co, in the XRD pattern of the Co/Al 2 O 3 spent catalyst after reaction at 600 ºC (Fig. S3) is particularly striking. This hcp-Co phase was generated during reaction at 600 ºC since in the XRD pattern of the reduced Co/Al 2 O 3 catalyst only the fcc-Co phase was detected (Fig. S3) . After reaction at 700 ºC, a small peak related to hcp-Co was still observed while at 800 and 900 ºC only fcc-Co peaks were detected (Fig. S3) . De la Peña O'Shea et al. [58] also observed hcp-Co nanoparticles at temperatures above 420-450 ºC.
According to their results, the responsible of the stabilization of hcp-Co at 700 ºC was a graphitic layer encapsulating catalyst particles. Thus, the presence of this hcp structure can be related to the strong catalyst deactivation observed at 600 ºC. As reaction temperature increased, the peak related to the hcp-Co disappeared and the deactivation observed was probably due to the same reasons explained before for the Ni/Al 2 O 3 catalyst.
Finally, in (Fig. 6a) and a new one called chain like BNFC (Fig. 6b) . Fe/Al 2 O 3 spent catalyst after reaction at 700 and 800 ºC were not analyzed by TEM since according to TPO ( Table 2 ) and XRD patterns ( Finally at 900 ºC, the characteristic peaks of graphitic carbon, α-Fe and Fe 3 C along with two new peaks at 43.8 and 51.1º (Fig. S4) were detected. The position of these two peaks did not correspond with the γ-Fe peaks position (45.8 and 53.4º ). However it has been reported [59] that carbon atoms can dissolve on γ-Fe structure, expanding the lattice and shifting the diffraction lines to lower angles. Both, high reaction temperatures (900 ºC) and carbon production can lead to the formation of this γ-Fe phase with carbon atoms dissolved in the Fe FCC structure.
In order to calculate accurately carbon production (Y c ), TPO analyses were carried out.
Ni/Al 2 O 3 catalyst presented the greatest ability to generate carbon. As observed in catalyst, the maximum carbon production was obtained at 800 ºC while according to the TEM study the maximum concentration of BNFC was observed at 600 ºC. These results point out that not only the production of carbon is important but the morphology must be taken into account since it is related to catalyst stability and the deactivation phenomenon.
CONCLUSIONS
On the basis of the results described above we concluded as follows:  Results presented point out that the CDB process, producing simultaneously syngas and high valuable BNFC, can be an alternative to direct biogas combustion. 
